We report our search for γ-ray emission in the energy range from 100 MeV to 300 GeV from four Accreting Millisecond Pulsars (AMPs), SAX J1808.4−3658, IGR J00291+5934, XTE J1814−338, and XTE J0929−314. The data are from four-year observations carried out by Large Area Telescope (LAT) onboard the Fermi γ-ray Space Telescope. The AMPs were not detected, and their γ-ray luminosity upper limits we obtain are 5.1 × 10 33 ergs s −1 for SAX J1808.4−3658, 2.1 × 10 33 ergs s −1
INTRODUCTION
Accreting millisecond pulsars (AMPs) are all in low mass X-ray binary (LMXB) systems, spinning at frequencies more than 100 Hz and containing companion stars with masses less than 1 M ⊙ (Patruno & Watts 2012) . The periodical pulsed emission from AMPs is accretion powered, which distinguishes them from normal radio millisecond pulsars (MSPs) that are powered by rotation. AMPs are believed to be the progenitors of MSPs spun up from old slowly rotating neutron stars (NSs) by the recycling scenario (Alpar et al. 1982; Bhattacharya & van den Heuvel 1991; Srinivasan 2010) , that is when a NS in a binary system switches off the pulsed radio emission, the mass and angular momentum of the companion star are transferred to the NS through accretion, producing a recycled pulsar that eventually spins at a period of milliseconds. The currently known AMPs are all transient systems with recurrent times of years. Evolution of their accretion disks leads to weekslong outbursts, during which pulsed X-ray emission is detected.
The first known AMP SAX J1808.4−3658 was found by the BeppoSAX mission in 1996 (in 't Zand et al. 1998 ) and discovered to have pulsed X-ray emission with the Rossi X-ray Timing Explorer (RXTE) during its 1998 outburst (Wijnands & van der Klis 1998; Chakrabarty & Morgan 1998) . Since then, over a dozen of AMP systems have been discovered (Patruno & Watts 2012) . One interesting property of AMP binaries was first pointed out by Burderi et al. (2003) : because the orbital optical modulation seen in SAX J1808.4−3658 has a larger than expected amplitude in the quiescent state (Homer et al. 2001) , the AMP probably switches to be rotation-powered and thus is able to provide the required energy output to heating of the companion. Followup observations of SAX J1808.4−3658 at X-ray and optical energies have firmly verified the inconsistency between the large optical modulation and low X-ray luminosity in quiescence (Campana et al. 2004; Deloye et al. 2008; Wang et al. 2009b ). X-ray emission from accreting compact stars normally is the heating source to cause orbital optical modulations seen in LMXBs (e.g., van Paradijs & McClintock 1995) . In addition, the inconsistency has also been seen in two other AMP systems, IGR J00291+5934 and XTE J1814−338 (D'Avanzo et al. 2007; Jonker et al. 2008; D'Avanzo et al. 2009 ), which suggests a common property of being able to switch to be radio pulsars in quiescence for AMP systems, although no direct evidence has been found from radio observations of them (Burgay et al. 2003) .
The more recent discovery of the millisecond pulsar binary PSR J1023+0038 (Archibald et al. 2009 ) has strengthened the likelihood of the radio-pulsar switching property of the AMP systems. The binary is considered to be the first system found at the end of its evolution from a LMXB to a MSP binary, as a short-term accretion disk was seen in it (Wang et al. 2009a (Wang et al. , 2012 . γ-ray emission from PSR J1023+0038 was also found from observations carried out by Fermi Gamma-ray Space Telescope (Tam et al. 2010 ). Considering PSR J1023+0038 as an end product of LMXB evolution closely related to AMP systems, Takata et al. (2012) studied possible γ-ray emission mechanisms for the AMP systems known with large-amplitude optical modulations (see Table 1 ). In their work, they attributed the optical modulations of the AMP systems to γ-ray irradiation of the companions, which required γ-ray luminosity L γ > 10 32 − 10 34 ergs s −1 . The predicted γ-ray emission is possibly detectable by Fermi, and any detection would provide strong evidence for the existence of radio pulsars in these AMP systems in quiescence. We thus searched for γ-ray emission from the four AMPs in the data obtained by Fermi and report our results in this paper. The general properties of the four AMPs are summarized in Table 1 .
In § 2 we describe the data from the Fermi Large Area Telescope (LAT) observations and our analysis of the data for the four AMPs. We provide the results in § 3 and discuss the implications of our results in § 4.
OBSERVATION AND DATA ANALYSIS
LAT is an imaging instrument onboard the Fermi Gamma-ray Space Telescope. Its main objective is to conduct continuous γ-ray monitoring of a large sample of sources in energy range from 20 MeV to 300 GeV with much improved sensitivity compared with former γ-ray telescopes (Atwood et al. 2009 ). In our data analysis we selected LAT events within 15 degrees centered at the positions of the four AMPs during time period from the start of the releasing of Fermi public data 2008-08-04 15:43:36 (UTC) to 2012-07-08 18:59:57 (UTC) from the Fermi Pass 7 database. We included events in an energy range from 100 MeV to 300 GeV. Following recommendations of the LAT team, we required events zenith angle to be less than 100 degrees to prevent the Earth's limb contamination, and excluded events in time intervals when spacecraft events affected the quality of the LAT data.
Maximum likelihood analysis
We rejected events below 200 MeV and included only events in energy range from 200 MeV to 300 GeV for the likelihood analysis, because the instrument response function of LAT has relative large uncertainties in lower energy range. We included all sources within 20 degrees centered at the four AMPs to make the source models based on the Fermi 2-year catalog. Most of them are point sources, while a few of them are diffuse sources. The spectral function forms of these sources were selected the same as those in the catalog. We let the spectral normalization parameters of sources within 3 degrees from the four AMPs free, and fixed all the other parameters of sources included in our source models to their catalog values. The four AMPs we are interested in were not included in the Fermi catalog. We modeled the γ-ray spectra of them with a exponentially cut-off power law which is the typical spectral form of pulsars (Abdo et al. , 2010c . The exponentially cut-off power law can be ex-
, where Γ is the spectral index and E cut is the cut-off energy. In addition we considered the Galactic and extragalactic diffuse emission using the model gal 2yearp7v6 v0.fits and the spectrum file iso p7v6source.txt, respectively. The value of the Galactic diffuse emission model and the normalization of the extragalactic diffuse emission model were let free.
We performed standard binned likelihood analysis with the LAT science tools software package v9r27p1. The binned likelihood used events in a square region instead of a circle, so we selected events inside a 20 o × 20 o region centered at each interested source, which is nearly the inscribed square of the circular region we selected above. We obtained the Test Statistic (TS) of the four AMPs, and the TS maps of 3 o × 3 o regions centered at each of the four AMPs are shown in Figure 1 . Each of the maps was extracted by assuming a putative source and performing binned likelihood analysis to obtain the TS value at each grid point of the regions. The sources in the source models outside of the regions, and the Galactic and extragalactic diffuse emission were considered. We found that IGR J00291+5934, XTE J1814−338, and XTE J0929−314 had TS values of ∼ 0, and SAX J1808.4−3658 had a TS value of ∼ 3. A TS value is approxmiately the square of the detection significance of a source and it can be used to assess whether a source exists or not. Actually in the Fermi source catalog only sources with TS values greater than 25 were included, which corresponds to the detection significance of 4.6σ (Abdo et al. 2010b ). The TS values of the four AMPs thus indicate that they were not detected by Fermi/LAT in 200 MeV − 300 GeV band.
Flux Upper limit Calculation
The γ-ray flux upper limits of these four AMPs were estimated by the binned likelihood analysis with the source models we described above. We fixed the Γ and E cut parameters of the spectral models of the four AMPs to 1.4 and 1.6 GeV respectively, which are the averaged spectral parameters of the eight MSPs Fermi detected during the first six months monitoring (Abdo et al. , 2010c and derived from the Fermi 2-year catalog (see Table 2 ). The spectral normalization factors were let free. We extracted the upper limits of normalization factors by increasing these factors until the maximum likelihood values decreased by e/2 in logarithm, following the procedure introduced by the LAT team. Then using the upper limits of normalization factors we derived the 95% flux upper limits in energy range from 100 MeV to 300 GeV by integrating the spectral models. Assuming isotropic γ-ray emission, the upper limits of the γ-ray luminosities of these four sources were calculated, where the distance values of the sources listed in Table 1 were used.
Timing analysis
We performed timing analysis of the Fermi/LAT observations of the four AMPs to search for any γ-ray pulsations. We included events in energy range from 100 MeV to 300 GeV within 1 degree centered at the positions of these four sources, and folded them into 20 phase bins using X-ray ephemerides (Table 1 ). The frequency derivatives were considered for the sources with the measurements of their spin-down rates. We obtained the folded light curves of these sources ( Figure 2 ) and made χ 2 test and H test to identify possible presence of γ-ray pulsations. The four folded light curves have χ 2 values in the range of 11−28 which are comparable to the 19 degrees of freedom (Larsson 1996) , and H values in the range of 0.4−10.8 which are significantly smaller than the value (H=42) used by the LAT team to comfirm γ-ray pulsations (Abdo et al. 2010c ), thereby indicating no significant γ-ray pulsations from these four AMPs were detected. In addition, since our targets are all located in the Galactic plane, contamination from diffuse emission and nearby sources may prevent the detections of γ-ray pulsations. We thus tested to decrease the radii of the target regions from 1 degree to 0.5 degree to search for γ-ray pulsations. However no significant γ-ray pulsations were detected either with χ 2 values of 7−32 (19 degrees of freedom) and H values of 0.1−9.3.
For SAX J1808.4−3658 and IGR J00291+5934, which had X-ray outbursts after August 2008 under the Fermi coverage, we also searched their γ-ray pulsations during the outbursts. SAX J1808.4−3658 had the Xray outbursts in 2008 starting at MJD 54730 with ν of 400.97521009 Hz andν of 0.6 × 10 −13 Hz s −1 (Hartman et al. 2009 ), and in 2011 starting at MJD 55865 with ν of 400.97520981 Hz and non-significanṫ ν of < 4 × 10 −13 Hz s −1 . IGR J00291+5934 had two X-ray outbursts in 2008 starting at MJD 54691 and MJD 54727 (Lewis et al. 2010 (Patruno 2010) . We searched γ-ray pulsations of SAX J1808.4−3658 during MJD 54735-54760 and MJD 55870-55886, and of IGR J00291+5934 during the X-ray observations of its two outbursts, using their spin parameters given above. No detections of γ-ray pulsations were found from these two sources.
Analysis of the Data in the Quiescent State
The data used in our analyses in § 2.1 and § 2.2 were nearly four years from 2008-2012. As given in § 2.3, during the time period SAX J1808.4−3658 had two Xray outbursts and IGR J00291+5934 had two close X-ray outbursts. According to the current models for the γ-ray emission mechanism for pulsars (see discussion in § 4), accretion of the MSPs in these two binaries in the outbursts should have quenched γ-ray emission from their magnetospheres. Although the durations of the outbursts were short compared to the 4-year length of the total data, we checked whether our non-detections of the two sources and upper limit calculations would be significantly affected. The outburst state of the two sources lasted about 20-50 days (Hartman et al. 2009; Lewis et al. 2010) , and optical observations showed the brightening of the accretion disks started several tens of days before the outbursts (Wang et al. 2013; Lewis et al. 2010) . We excluded Fermi/LAT data from 10 days prior to and 50 days after the starting of each outburst and performed likelihood analysis using the data only in the quiescent state given in Table 1 . With the same event selections and source models, the TS values we obtained in quiescent state are ∼ 3 for SAX J1808.4−3658 and ∼ 0 for IGR J00291+5934, and the γ-ray luminosity upper limits are 5.0 × 10 33 ergs s −1
for SAX J1808.4−3658 and 2.3 × 10 33 ergs s −1 for IGR J00291+5934, which are nearly the same as that we obtained using the total data sets.
RESULTS
We found that the four AMPs included in our work were not detected by Fermi/LAT at γ-ray energies.
We (Table 1) , through which we estimated the spindown luminosities byĖ = 4π
2 Iνν, where I is the NS moment of inertia and assumed to have a canonical value of I = 10 45 g cm 2 . We calculated the upper limit of γ-ray conversion efficiency η γ = L γ /Ė for these two sources with the upper limits of γ-ray luminosities we obtained above. SAX J1808.4−3658 has η γ of < 0.57d . The latter provides a strong constraint on the γ-ray emission from this source.
DISCUSSION
We searched γ-ray emission from four AMPs, SAX J1808.4−3658, IGR J00291+5934, XTE J1814−338, and XTE J0929−314 with Fermi/LAT observations. The four sources were not detected by Fermi/LAT in the 200 MeV to 300 GeV energy range. We obtained the 100 MeV to 300 GeV γ-ray luminosity upper limits of these four sources. In addition for two of them, SAX J1808.4−3658 and IGR J00291+5934, with the measurements of the spin-down rates, we estimated the 100 MeV to 300 GeV γ-ray conversion efficiency upper limits. The obtained values of these sources can be used to compare with model predictions of AMPs and conversion efficiencies of γ-ray MSPs, which provides constraints on their properties including γ-ray emission mechanisms.
Depending on different assumptions, a wide range of L γ values for the four AMPs have been predicted by Takata et al. (2012) . Futhermore they have suggested that optical modulations seen in the AMP binaries could be caused by γ-ray irradiation of the companion stars. The irradiation γ-ray luminosities of these sources required for optical modulations were used to constrain the theoretical emission models. For SAX J1808.4−3658, IGR J00291+5934 and XTE J1814−338, the inferred γ-ray irradiation luminosities of > 10 34 ergs s −1 favored the outer gap model with a high-mass NS controlled by the photon-photon pair-creation between γ-rays and Xrays from full surface cooling emission, or the outer gap model controlled by the magnetic pair-creation process (Takata et al. 2012) . Such a high luminosity can not be produced by the outer gap model controlled by the photon-photon pair-creation between γ-rays and X-rays from the heated polar cap because an unreasonably high NS magnetic field is required. For XTE J0929−314 with a lower inferred γ-ray irradiation luminosity of 10 32 −10 33 ergs s −1 , the outer gap model with a low-mass NS controlled by the photon-photon pair-creation between γ-rays and X-rays from full surface cooling emission might be prefered (Takata et al. 2012) .
In our work, we found that the γ-ray luminosities of SAX J1808.4−3658 and IGR J00291+5934 observed by Fermi/LAT had the upper limits of 5.1d are consistent with the required γ-ray irradiation luminosities. However for XTE J1814−338, the γ-ray irradiation luminosity lower limit given by Takata et al. (2012) is nearly equal to the luminosity upper limit we obtained. Considering the actual luminosities of these AMPs might be significantly smaller than the upper limits, the Fermi observations of these sources indicate that the γ-ray emission of three AMPs, SAX J1808.4−3658, IGR J00291+5934, and XTE J1814−338, are lower than the values needed to interpret the optical modulations. Thus γ-ray irradiation from the AMPs should not be the main heating source of their companions. The irradiation from release of the rotational energy of the pulsars should be prefered, which indeed provide the required energy output of 10 33 − 10 34 ergs s −1 to heat the companions (Burderi et al. 2003 , Table 1 ), although there are a few unresolved theoretical uncertainties in this model (Burderi et al. 2003; Takata et al. 2012) .
γ-ray emission from pulsars is generally agreed to originate from accelerations of charged particles, while it is still uncertain where the accelerations occur. At present there are polar cap, outer gap, and slot gap models to be advanced to interpret the high energy emission of pulsars. The polar cap model (Ruderman & Sutherland 1975) has acceleration regions near the surface of a NS, which predicts pulsed emission aligned with the magnetic poles. The model fails to interpret the γ-ray pulsed profiles of pulsars because most of pulsars have two sharp peaks which are not aligned with radio peaks (Abdo et al. , 2010c . The outer gap (Muslimov & Harding 2004) and slot gap models (Cheng et al. 1986 ) have acceleration regions along the last open field lines to near the light cylinder, starting from the null surface and the polar cap, respectively. The two models both predict to have widefan beams which are not aligned with magnetic poles so that they are more prefered to interpret γ-ray emission from pulsars. Comparing with that on the basis of the outer gap model predicted by Takata et al. (2012) , our results basically rule out their model of a high-mass NS controlled by the photon-photon pair-creation between γ-rays and X-rays from full surface cooling emission for SAX J1808.4−3658, IGR J00291+5934 and XTE J1814−338. For XTE J0929−314, the outer gap emission with a low-mass NS is predicted and our results is still consistent with their model prediction.
The newly born MSP PSR J1023+0038 from an LMXB system has been detected by Fermi/LAT with a detection significance of ∼ 7σ in the 200 MeV to 20 GeV band (Tam et al. 2010) , which greatly motivated our search for γ-ray emission from the AMPs to verify the possible existence of rotation-powered pulsars in the quiescent state. However, although many γ-ray MSPs have been detected by Fermi/LAT (Abdo et al. , 2010c , no γ-ray AMPs have been found. In our work we gave the upper limits of 100 MeV to 300 GeV η γ for two AMPs, that are 57% for SAX J1808.4−3658 and 3% for IGR J00291+5934. We compared them with MSPs detected by Fermi/LAT. In the Fermi 2-year catalog there are 38 possible γ-ray MSPs, among which 20 are confirmed MSPs that have typical spectral form of pulsars (exponentially cut-off power law) and pulsations detected in γ-ray band. A summary of these 20 MSPs is given in Table 2 . We calculated the 100 MeV to 100 GeV η γ of these MSPs with flux values given in the catalog and timing parameters listed in Table 2 . These sources' η γ are plotted in Figure 3 , with uncertainties derived from flux uncertainties given in the catalog. In addition the uncertainties related to distance measurements are approximately 60% presuming 30% distance uncertainties. As can be seen, the γ-ray conversion efficiency of < 3% of IGR J00291+5934 lies in the very lower range of that of γ-ray MSPs. This upper limit is a strict constraint on the γ-ray emission of IGR J00291+5934, which likely suggests that this source may not emit in γ-ray band, or its γ-ray beam, at least the bright portion of its γ-ray beam, may not cross the earth. For SAX J1808.4−3658, its γ-ray conversion efficiency is <57%, which is not sufficiently low suggesting this source as a candidate γ-ray source for further monitoring with longer observation time.
It can be noted that PSR J1023+0038 has been detected with the lowest conversion efficiency of ∼ 0.5% in >100 MeV band (Figure 3 ; derived from spectral parameters given in Tam et al. 2010 ). This may suggest that γ-ray emission of MSPs is related to their evolutionary stage. The fast rotating AMPs may have almost no γ-ray emission, but at the end of the accreting phase the newly born MSPs begin to emit in γ-ray band with low γ-ray conversion efficiencies. We have also searched for pulsed emission from J1023+0038 in the Fermi data from 2008 to the present time (data in Tam et al. 2010 were to 2010 July), but have not found any detection. Comparisons of the properties of its γ-ray pulsed emission with that of its radio emission may have implications to what are expected from AMPs. In addition, we note that no γ-ray MSPs are located in the low-right corner of Figure 3 . We may approximately define a 'death line', η γ = 10 0.32τ9−4.3 where τ 9 is the characteristic age in units of 10 9 yrs, by making all γ-ray MSPs above the line. Comparing to a theoretical death line, for example lgṖ = −14.1 + 2.83 lg P , which was recently derived by Wang & Hirotani (2011) for γ-ray MSPs on the basis of the outer gap model, the line is nearly straight in Figure 3 if a constant L γ is considered (dotted line; L γ ≈ 2 × 10 30 ergs s −1 is used to draw the line). Takata et al. (2012) found that L γ ∼ 10 34 τ −5/4 9 ergs s −1 fits luminosities of γ-ray MSPs relatively well [derived from the outer gap model controlled by magnetic pair-creation; cf. Eq. (32)], which implies that η γ is generally inversely propor-
when the death line of lgṖ = −14.1 + 2.83 lg P is used]. The line we define instead suggests that older detectable MSPs tend to have higher η γ . If this is a true feature, SAX J1808.4−3658 would have no γ-ray emission detectable because its conversion efficiency upper limit is very close to the line. Hopefully with more MSPs detected by Fermi in the near future, whether this line exists or not can be verified. Finally the complex regions near the Galactic plane, in which the four AMPs are located, certainly affects the γ-ray detections and the upper limit evaluations of them. As can be seen from the TS maps (Figure 1) , while the Galactic diffuse emission was removed from the source regions at a satisfactory level, there is excess in these regions in addition to those corresponding to the nearby γ-ray sources in the catalog, particularly for SAX J1808.4−3658. The TS excess near the location of SAX J1808.4−3658 is not sufficiently strong for the γ-ray detection of this source due to the low TS value. On the other hand if we consider the TS excess as indications of other possible weak sources, the luminosity upper limit of the source should be slightly lower than that we have obtained. It is also worth noting that our likelihood analysis of γ-ray emission from the four AMPs have uncertainties including that from the LAT instrument response function, Galactic diffuse emission, and nearby sources' emission. Data of longer monitoring by Fermi/LAT will help reduce the uncertainties and thus provide tighter constraints on the emission properties of the AMPs.
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